In this article, the methane adsorption behaviour of activated carbon fibre (ACF), a nanoporous material, was examined for adsorbed natural gas (ANG) applications. The ACF was produced from palm fibre-based materials through carbonization, followed by CO 2 activation. The carbonization of empty fruit bunch (EFB) fibres was conducted at temperatures of 85-250 °C in an oxidative atmosphere. The produced ACF showed well-developed pore structure with high micropore volume and excellent pore-size distribution. The ACF, predominantly with microporous pores, fulfils the requirements as an excellent adsorbent for methane adsorption. The optimal carbonization conditions for improving methane adsorption capacity were achieved using concentrated H 2 SO 4 at 250 °C, followed by activation at 900 °C. Only physisorption occurred during the adsorption of methane on ACF. The EFB fibre-derived ACF has high potential for use in NG adsorption and storage applications via ANG technology.
INTRODUCTION
Natural gas (NG) is a clean energy source for the manufacturing industry, NG-fuelled vehicles (e.g. cars buses, trucks, trains and ferries), residential appliances (e.g. cooking stoves) and agricultural equipment. The total NG consumption is increasing worldwide at an average annual rate of 1.3%, and is expected to grow from 108 trillion ft 3 in 2007 to 156 trillion ft 3 in 2035 (Sieminski 2011) . NG offers numerous advantages over other fossil fuels, such as gasoline, diesel and coal. The extensive use of fossil fuels for various applications has contributed to the high release of carbon dioxide (CO 2 ) into the atmosphere. In addition, if no other alternative fuels are identified or commercialized, reserves of fossil fuels will eventually be exhausted (Jones et al. 2007) . By contrast, NG is a relatively clean and eco-friendly fuel that produces less CO 2 and more water vapour per energy unit relative to gasoline or diesel (Esteves et al. 2008) . Burning NG does not generate the sludge, which is commonly produced during burning of coal. NG is safe and does not form an explosive mixture during leakage because it has a low density and a high dispersal rate (Reynolds et al. 2005) . NG can be detected more easily by odorizing it with sulphur-based compounds at parts per million levels. The high energy efficiency of NG is attributed to its high H-to-C ratio (approximately 4), high research octane number (approximately 130) and wide flammability limits (Reynolds et al. 2005) . The world's NG resource base is plentiful. NG is primarily composed of methane (>90%) in a mixture that varies depending on the location and season of gas extraction (Brady et al. 1996) . It is estimated that millions of tonnes of methane are emitted annually (Shirai et al. 2003) . In addition to the respiration of methanogens, methane can be obtained from human activities, such as crude oil/coal and gas extraction, biogas purification, ruminant livestock, waste-water treatment, landfill sites, rice cultivation and biomass burning.
However, the storage and transport of NG are difficult when the oil fields are located far away from the consumption sites. Therefore, NG is stored in different forms, including liquefied natural gas (LNG), compressed natural gas (CNG) and adsorbed natural gas (ANG). LNG is stored at approximately 112 K (-161 °C) and 0.1 MPa and requires expensive cryogenic tanks in addition to a heavy initial investment. Small-scale consumption, such as that associated with NG-fuelled vehicles and household use, is not feasible. Although CNG technology can store NG at room temperature, it requires high pressures (20-30 MPa) that can only be achieved by expensive multistage compression (Reed and Williams 2004) . Such high-storage pressures incur the risk of catastrophic fire or explosion caused by leakage or accidents. By contrast, NG can be stored at room temperature and at relatively safe pressures (3-4 MPa) as ANG after a single-stage compression using microporous materials with a high methane-storage capacity (Matranga et al. 1992) . At present, only a few studies have described using zeolite, metal-organic framework or carbon for methane adsorption. However, to the best of our knowledge, there is no study on activated carbon fibre (ACF) derived from oil palm empty fruit bunch (EFB) fibre for methane adsorption.
ACF is a fibrous microporous carbon, which has received much attention from many researchers in adsorption applications. The main characteristics and advantages of using ACF in comparison with granular AC and powdered AC are extremely high surface area and adsorption capacity, fine and uniform diameter of fibre shape, narrow and uniform pore-size distribution and great tailorability in fabrication. ACF is commercially produced from expensive synthetic polymer such as rayon, pitch, SARAN and phenolic resin (Lee et al. 2014) . In recent years, some novel studies were performed using agricultural waste as precursors to produce cost-effective ACF. This method of using waste material also solves the problem of waste disposal.
In this study, ACF was synthesized using domestic agricultural waste from Malaysian palm oil trees. The local variety is Elaeis guineensis, which is a regional commercial crop in this tropical country where the temperature usually ranges from 24 to 32 °C throughout the year (Taufiq-Yap et al. 2013) . The waste used was EFB fibre. The EFB fibre was first examined by elemental, morphological and thermogravimetric (TG) studies. The material was used as an alternative raw material for the commercially available polymeric materials that are used in ACF synthesis. The microstructure, pore characteristics, surface chemistry and methane adsorption of EFB fibrederived ACF were also examined.
EXPERIMENTAL ANALYSIS 2.1. Sample Preparation
The EFB fibre was obtained from a local palm oil mill in Penang, Malaysia. Sulphuric acid (H 2 SO 4 ) was purchased from Merck. Figure 1 illustrates the steps for producing ACF from EFB fibre by carbonization and activation. The dried and cleaned EFB fibres were treated with concentrated H 2 SO 4 . For carbonization, the H 2 SO 4 -treated EFB fibre was subsequently combusted at different temperatures identified by TG analysis. The carbonization process was carried out in an atmosphere of air at 85, 130, 160 and 250 °C for 2 hours without an external gas supply. After the heat treatments, the fibres were washed with deionized water to adjust the pH and dried at 110 °C overnight. The fibres were further activated using carbon dioxide (CO 2 ) gas. During this physical activation process, the fibres were heated to 900 °C under an atmosphere of nitrogen at 10 °C/minute and held at this temperature for 1 hour under a flow of CO 2 (flow rate < 1 l/minute); afterwards, the material was cooled to room temperature under N 2 atmosphere to obtain ACF samples. The codes of the samples are presented in Table 1 .
Characterization
The weight percentages (wt.%) of the chemical elements (carbon, hydrogen, nitrogen, sulphur and oxygen) in the biomass were determined by elemental analysis using a 2400 Series II CHNS/O elemental analyzer. A TG analyzer (Q500, TA Instruments Inc.) was used to study the thermal behaviour of the EFB fibre and determine the appropriate carbonization temperatures by heating the sample at 5 °C/minute under an atmosphere of oxygen or nitrogen. The surface morphology and microstructure of the EFB fibre and ACF were analyzed using a Zeiss SUPRA 35VP scanning electron microscope. A Quantachrome Autosorb instrument was used to evaluate the physisorption capacity of the samples for nitrogen at -196 °C (77 K). The outgas temperature and duration were set as 300 °C and 3 hours, respectively. For comparison with other studies, pore characteristics such as the specific surface area, micropore volume and pore-size distribution of the samples were calculated using the nitrogen adsorption data. The specific surface area (S BET ) was analyzed by the BET method using relative pressures ranging from 0.05 to 0.30 . The micropore volume (V 0 ) was estimated from the Dubinin-Radushkevich plots at a relative pressure < 0, whereas the total pore volume (V) was calculated directly from the nitrogen volume at the highest relative pressure (P/P 0 = 0.99). Assuming a cylindrical pore geometry, the average pore diameter (d) was estimated using the following equation (Zhang et al. 2010 ):
(1)
The pore-size distribution was determined using the density functional theory (DFT) and Dubinin-Astakhov (DA) equation (Jones et al. 2007; Olivier et al. 1994; Zhang et al. 2010) . A PerkinElmer Spectrum One Fourier transform infrared spectrometer was used to elucidate the chemical bonding in ACF based on its vibrational characteristics. The scan rate was 16 cycles, and frequencies were in the range of 400-4000 cm -1 . A methane adsorption test was performed to measure the methane adsorption and storage capacity of ACF at Toyohashi University of Technology, Japan, using a laboratory-fabricated high-pressure low-temperature adsorption line equipped with a microcalorimeter (Setaram). Methane was outgassed at 300 °C (5 hours) with the samples held under vacuum. Adsorption microcalorimetry measurements were collected at 243, 263 and 298 K up to 3.5 MPa.
RESULTS AND DISCUSSION

Biomass and Activated Carbon Fibre Sample
The as-received EFB fibre and synthesized ACF samples are shown in Figures 2 (a and b) , respectively. The resulting product derived from the EFB fibre in this study is categorized as an AC 'fibre' because the aspect ratio of this fibre is higher than 10 (Linares-Solano and Cazorla-Amorós 2008). 
Elemental Analysis
The results of the elemental analysis of raw EFB fibre, cleaned EFB fibre, rice husk and bagasse are presented Table 2 . The EFB fibre consisted of 47.11% carbon, 4.82% hydrogen, 5.11% nitrogen, 0.46% sulphur and 42.50% oxygen. In comparison with other biomass sources, the carbon content of the EFB fibre was slightly higher than that of rice, bagasse, hemp and abaca.
Thermogravimetric Analysis
The thermal decomposition profiles of the raw and H 2 SO 4 -treated EFB fibre in an oxidative atmosphere are shown in Figure 3 . The combustion of the raw EFB fibre is divided into the following three stages: moisture evaporation, oxidative decomposition of cellulose and hemicellulose and decomposition of lignin and char combustion (Mohammed et al. 2012 ). The initial weight loss (6.29%) at approximately 100 °C was attributed to the evaporation of adsorbed water. The subsequent thermal degradation events were caused by the oxidation of the volatile products and the charred residue (Nassar et al. 1996) . Oxidative degradation of the raw EFB fibre occurred between 200 and 370 °C. The drastic weight loss (59.36%) in this zone was due to the complete decomposition of both hemicellulose and cellulose as well as due to the partial decomposition of lignin (Skreiberg et al. 2011) . Char oxidation continued through 370-490 °C, and during this period the remaining amounts of lignin also decomposed (Shen et al. 2009 ). The decomposition of the lignin in the raw EFB fibre proceeded up to 900 °C under an atmosphere of nitrogen as reported by Shao and co-workers (2007) . In our case, the constant weight loss, which began at 370 °C, persisted up to 900 °C, possibly due to decomposition of lignin and oxidation of char in the presence of oxygen. By contrast, the TG results for H 2 SO 4 -treated EFB fibres exhibited three major weight losses below 250 °C and another significant weight loss above 450 °C. The first weight loss (13.24%) occurred below 85 °C and was attributed to evaporation of water vapour. The intercalation of sulphuric acid caused the second weight loss (19.41%) from 85 to 130 °C. The third major weight loss (38.64%) was due to both intercalation and exfoliation reactions between sulphuric acid and the fibre (Munir et al. 2009; Petitjean et al. 1994) . After treatment with sulphuric acid, the end point of the volatilization combustion (370 °C) decreased to 250 °C. At 450 °C, the combustion of the remaining lignin and carbon residues was also accelerated by the sulphuric acid treatment. Consequently, the fourth weight loss event in the chemically treated fibre occurred at a lower temperature than that of the raw EFB fibre.
In most studies, carbonization is achieved by pyrolysis under an inert atmosphere at a higher temperature, with nitrogen gas flow as an inert atmosphere. Some studies also achieved carbonization by combustion of samples under an atmosphere of air at lower temperature. Many studies have reported on the preparation of AC products. AC products are prepared by combustion (carbonization) followed by activation using different precursors (Table 3) . Valix and co-workers (2008) produced AC from bagasse and suggested 160 °C as optimal first thermal treatment temperature. Thus, the carbonization temperatures used in this study, which were identified based on the TG profiles, were 85, 130, 160 and 250 °C. The effect of carbonization temperature on ACF produced in an oxidative atmosphere is further examined.
Analysis of Surface Morphology and Microstructures of Raw and Sulphuric Acid-Treated Samples
The morphologies and microstructures of the raw EFB fibres, EC85H2, EC130H2, EC160H2 and EC250H2, along the external surfaces and cross sections of the fibres are shown in Figures 4(a-e much rougher, exhibiting a grainy structure resulting from the densification of carbon particles after the evaporation of organic matter. Macropores appeared on almost every external surface of the samples. The sulphuric acid treatment restricted the formation of tar and other liquids, such as acetic acid and methanol, in the carbon fibre (Guo et al. 2005) . Therefore, particle shrinkage and volume contraction were inhibited, generating the macropores on the ACF surface. Numerous pore-channel openings were observed along the cross-sectional surface of the ACF [Figures 4 (b-e) ]. These channels were arranged in an organized two-dimensional structure similar to the natural channels formed by the fibrils in the EFB fibre [ Figure 4(a) ]. However, the pore channels appeared to be smaller than those in the raw EFB fibre, possibly due to the shrinkage of the fibre during densification caused by dehydration and devolatilization. The smooth cross-sectional surface of the ACF suggested that fractures occurred during brittle modes of failure. However, the fibrils observed in the pore openings of the raw EFB fibre were not apparent in the ACF cross sections.
Pore Characteristics
The pore characteristics of EC85H2, EC130H2, EC160H2 and EC250H2 were interpreted relative to the nitrogen adsorption isotherms obtained at 77 K (-196 °C) , as shown in Figure 5 . All samples exhibited characteristics of the type I isotherms associated with the adsorption of nitrogen gas by micropores. The amount of nitrogen adsorbed increased up to a relative pressure of approximately 0.02 before a plateau was reached. Little or no adsorption was observed beyond this point, with the isotherms tailing off at the end. Large amounts of nitrogen were adsorbed at relatively low pressure (P/P 0 ), indicating that the samples were microporous adsorbents. The materials showed strong interactions during the initial uptake for monolayer coverage before being absorbed by the micropores. Carbonization at higher temperatures burned away more of the volatile organic components, exposing more organic functional groups. During the activation process, increasing amounts of CO and CO 2 were released from the lactone, anhydride and carboxyl groups, generating more micropores and enhancing the breakdown of EC250H2's pore structure (Khezami et al. 2005) . This breakdown promoted pore growth. As shown in Figure 6 , the pore-size distribution of the ACF subjected to combustion at lower temperatures (85, 130, 160 and 250 °C) was obtained using DFT. Three peaks are shown in the microporous range (<2 nm) with widths of 1.2, 1.5 and 1.9 nm. In addition, three other lower peaks are distributed over the mesoporous range (2 nm < pore width < 50 nm). The strongest peak in these samples is located at the same pore width (1.2 nm), in agreement with the work by Zhang and co-workers (2010). In addition, the pore-size distribution of the ACF samples was also obtained using the DA method, as illustrated in Figure 7 . The pore-size distributions of the various ACF samples were very similar in shape. Most of the pore sizes were between 1 and 4 nm due to the highly microporous structure and slightly mesoporous structure of the samples. Unimodal structures were observed in the microporous range (<2 nm) with 1.0-1.2-nm pore diameters measured for the samples produced by combustion. According to Matranga and co-workers (1992) , the optimal slit pore width estimated by Monte Carlo simulations is 1.14 nm for ANG storage. Because the diameter of a methane molecule is 0.382 nm, Lozano-Castelló et al. (2002a) reported that ANG storage requires a predominantly microporous adsorbent with approximately 0.8-nm wide pores (i.e. thicker than two methane molecules) in order to maximize delivery at ambient pressures. Therefore, the pore-size distributions of these ACFs derived from EFB fibre are suitable for ANG storage (Vargas et al. 2013) . The development of micropores was suggested by the intercalation of sulphuric acid into the EFB fibre. Because of the heat treatment applied during carbonization, the decomposition products yielded by the sulphuric acid may have undergone intercalation to forcibly separate the carbon crystallite layers. The internal micropores and surface functional groups containing oxygen were created because these layers remained in their new positions despite removing the intercalant (Daulan et al. 1998; Lyubchik et al. 1997) . However, according to the pore-size distributions presented in Figures 6 and 7 , the mesoporous volume and the mean pore size in EC250H2 were much higher than those of the samples obtained at lower carbonization temperatures. Therefore, the mesopores were more fully developed only at a higher carbonization temperature (250 °C) because the acids reacted explosively with the graphite layers at temperatures above 210 °C (Petitjean et al. 1994) .
The surface area, microporous volume, total pore volume and average pore diameter of all ACF samples are presented in Table 4 . The ACF samples carbonized below 130 °C (EC85H2 and EC130H2) showed decreasing BET surface areas and pore volumes (both microporous and total pore volumes). According to a report by Katagiri and co-workers (1981) , during the transfer of SO 2 , oxygen and water vapour through a column of AC from 50 to 140 °C, the SO 2 can be oxidized on carbon to form sulphuric acid, which accumulates in the carbon micropores. In samples treated with sulphuric acid, the residual sulphuric compounds may have remained on the charred surface and in the pores. As the temperature had increased from 50 to 140 °C, large amount of sulphuric acid was formed from the aforementioned reaction due to the presence of water vapour and O 2 in the combustion atmosphere, as well as due to the SO 2 derived from the dissociated sulphuric source after the acid treatment. Higher combustion temperatures produced more sulphuric acid that accumulated in the micropores. As a result, carbonization is affected due to the limited access to O 2 in the micropores filled by sulphuric acid. Limited carbonization means less activation, which reduces the surface area and leads to less desirable pore characteristics.
By contrast, a different mechanism occurred when the temperature exceeded 150 °C. Surface complexes containing sulphur atoms were formed during the sulphuric acid treatment. Compared with the sulphuric acid that formed below 150 °C and filled the micropores, these surface complexes allowed the fibre surfaces to access O 2 , resulting in improved carbonization. The removal of sulphur-containing surface complexes occurs at 900 °C in the presence of CO 2 (Cuerda-Correa et al. 2006) . During this phase, a higher carbonization temperature enhances carbonization, providing a better carbonized surface; therefore, the activation is more efficient, improving the pore characteristics. This reaction may have contributed to the excellent pore structures in EC160H2 and EC250H2.
The ACF samples exhibited large numbers of micropores (approximately 90-94% of the total pore volume). Overall, higher carbonization temperatures lead to larger total pore volumes and decreased average pore diameters due to the creation of a small microporous structure and the widening of micropores to form mesopores (Arami-Niya et al. 2011) . For the average pore diameter, the shrinkage of ACF samples after thermal treatments at higher temperatures could cause this decrease (Arami-Niya et al. 2012) . Figure 8 presents the Fourier transform infrared spectra of EC85H2, EC130H2, EC160H2 and EC250H2. These ACF samples were carbonized from 85 to 250 °C in air and chemically and physically activated by H 2 SO 4 and CO 2 , respectively. Although the samples were combusted at different temperatures, similar surface functional groups were observed. The adsorbed water contributed to OH stretching from 4000 to 2995 cm -1 (Morán et al. 2007 ). This resonance is detected in most AC products, including the AC prepared from sugar cane bagasse (Bilba and Ouensanga 1996; Valix et al. 2008) , oil palm wood ) and cherry stones (Olivares-Marín et al. 2006) . The intensity of the O-H stretching bands increased as the carbonization temperature increased, confirming the results reported by Dilek and Oznur (2008) . The C≡O stretching vibrations were observed in EC85H2, EC130H2, EC160H2 and EC250H2 at 2368, 2380, 2360 and 2365 cm -1 , respectively, due to O 2 incorporation from the enriched CO 2 atmosphere at the edge of the aromatic sheet or within the carbon matrix during activation (Guo and Lua 2002; Tan et al. 2007) . The bands at approximately 1529 cm -1 matched those observed in the presence of NO 2 (Foo and Hameed 2011). The C=C stretching vibrations of the aromatic rings in the ACF structure were observed from 1529 to 1430 cm -1 , whereas the weak bands from 1320 to 1290 cm -1 revealed asymmetric SO 2 stretching vibrations from the sulphur compounds (Stuart 2004) . These bands may appear due to the presence of residual sulphuric acid that remained after the washing process. The stretching of the C-O-C functional group was observed from 1080 to 1060 cm -1 (Bilba and Ouensanga 1996) . The C-H bending signals indicating benzene derivatives appeared from 894 to 858 cm -1 (out-of-plane bending; Guo and Lua 2002). The bands ranging from 688 to 599 cm -1 were ascribed to the C-C stretching signals (Yang et al. 2007 ).
Surface Chemistry
Methane Adsorption Capacity
Greater porosity generally leads to higher methane adsorption capacity, as reported by Lozano-Castelló and co-workers (2002b). Consequently, the methane adsorbed by EC250H2 was measured at three different temperatures, including 243, 263 and 298 K, at pressures up to 3.5 MPa (Figure 9 ). The methane uptake decreased as the storage temperatures rise, in agreement with the work of Shao and co-workers (2007) . EC250H2 had a higher methane adsorption capacity at lower temperatures (243 K). The amount adsorbed increased abruptly during the initial stages of adsorption (0-0.2 MPa). Consequently, the initial amount of adsorbed methane for this sample (pressure < 0.03 MPa) was approximately 1.11 mmol/g at 243 K, 1.05 mmol/g at 263 K and 0.60 mmol/g at 298 K. At lower temperatures, the gas molecules had less kinetic energy, permitting more molecules to diffuse and interact on the surface of the material. The largest amount of methane adsorbed on EC250H2 was 11.6 mmol/g at 243 K and 3.5 MPa. Figure 10 shows the methane adsorption capacity of EC250H2 and coal-based AC. For a comparison, EC250H2 (S BET = 749 m 2 /g) was selected and compared with a commercial coalbased AC (S BET = 780 m 2 /g) with regard to methane adsorption based on requirement conditions of ANG. The methane adsorption capacity obtained for ACF derived from EFB fibre showed greater performance compared with the commercial coal-based AC. The highest adsorption amounts achieved for EC250H2 and coal-based AC were 5.9 and 5.3 mmol/g, respectively, at a gas pressure of 3.5 MPa and temperature of 298 K. The commercial coal-based AC also has disadvantages such as being less eco-friendly due to the generation of greenhouse gases and the high cost of the absorbent used. Therefore, ACFs synthesized from low-cost carbon materials (natural fibre from biomass) by carbonization (at low temperatures) followed by CO 2 activation are good methane adsorbents, thereby fulfilling ANG market requirements.
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T. Lee et al./Adsorption Science & Technology Vol. 33 The heat of adsorption values played an important role in the thermodynamic analysis of the adsorption system. Figure 11 shows the differential heat of adsorption for methane on EC250H2 at 203 and 298 K. The initial heats of adsorption at 243, 263 and 298 K were 19.2, 20.5 and 23.3 kJ/mol, respectively. It is observed that the heat of adsorption decreases with the increase in the loading of adsorbed amount, which is consistent with the studies of Walton and co-workers (2005) . In general, the adsorption processes could be divided into two classes: physisorption and chemisorption. The binding energy for the physisorbed molecules is typically approximately 0.25 eV (~24 kJ/mol) or less, whereas that for the chemisorbed molecules is approximately 1-10 eV (~96-965 kJ/mol ; Hari 2000; Milton 2002) . The low initial heat of adsorption revealed a weak interaction between the methane and the adsorbent. Therefore, only physisorption occurs during methane adsorption using EC250H2. The differential heat of adsorption gradually decreased as the amount adsorbed increased due to inhomogeneity of the adsorbent surface (Ning et al. 2012 ).
CONCLUSIONS
The EFB fibre is a good candidate material for ACF production. After characterizing raw and acid-treated fibre, the carbonization of EFB fibre was carried out at temperatures of 85, 130, 160 and 250 °C. The optimal carbonization conditions for improving the methane adsorption capacity of the fibre were achieved using concentrated H 2 SO 4 at 250 °C before activation under flowing CO 2 at 900 °C. The ACF produced under optimal conditions showed a well-developed pore structure with a high fraction of micropores and a suitable pore-size distribution for methane adsorption. The decreased methane uptake at higher temperatures (298 K) was caused by the higher kinetic energy of the methane molecules. The ACF derived from EFB fibre showed better performance compared with the industrial adsorbent for methane adsorption. The heats of adsorption show that only physisorption occurred during methane adsorption using the ACF sample. Therefore, ACF could be used for NG adsorption and storage applications via ANG technology. 
